The effects of acute aerobic exercise on cognitive functions in humans have been the subject of much investigation; however, these studies are limited by several factors, including a lack of randomized controlled designs, focus on only a single cognitive function, and testing during or shortly after exercise. Using a randomized controlled design, the present study asked how a single bout of aerobic exercise affects a range of frontal-and medial temporal lobe-dependent cognitive functions and how long these effects last. We randomly assigned 85 subjects to either a vigorous intensity acute aerobic exercise group or a video watching control group. All subjects completed a battery of cognitive tasks both before and 30, 60, 90, or 120 min after the intervention. This battery included the Hopkins Verbal Learning Test-Revised, the Modified Benton Visual Retention Test, the Stroop Color and Word Test, the Symbol Digit Modalities Test, the Digit Span Test, the Trail Making Test, and the Controlled Oral Word Association Test. Based on these measures, composite scores were formed to independently assess prefrontal cortex-and hippocampal-dependent cognition. A three-way mixed Analysis of Variance was used to determine whether differences existed between groups in the change in cognitive function from pre-to post-intervention testing. Acute exercise improved prefrontal cortex-but not hippocampal-dependent functioning, with no differences found between delay groups. Vigorous acute aerobic exercise has beneficial effects on prefrontal cortex-dependent cognition and these effects can last for up to 2 hr after exercise. (JINS, 2015, 21, 791-801) 
INTRODUCTION
Wheel running in rodents, a model for physical activity in humans, produces a variety of morphological, neurochemical, and electrophysiological alterations in various brain regions (Boecker, Hillman, Scheef, & Struder, 2012; Greenwood & Fleshner, 2011; Meeusen, 2005; Voss, Vivar, Kramer, & van Praag, 2013) . These changes are thought to underlie the behavioral improvements caused by exercise, especially those in learning and memory (Voss et al., 2013) . Similarly, evidence is emerging that in humans, physical activity or enhanced physical fitness promotes morphological brain changes and improves learning, memory and cognition. For example, magnetic resonance imaging (MRI) studies demonstrate that long-term exercise causes growth in several brain regions, including the prefrontal cortex, hippocampus, and striatum (Chaddock, Erickson, Prakash, Kim, et al., 2010; Colcombe et al., 2006; Erickson et al., 2011; Verstynen et al., 2012) . Additionally, compared to their low-fit counterparts, high-fit individuals show greater levels of cognitive functioning, especially in prefrontal cortex-dependent tasks (Guiney & Machado, 2013) .
Although the majority of rodent research has used chronic exercise paradigms, studies of acute exercise in humans are common, with the bulk of this work examining the effects on prefrontal cortex-dependent functions, such as information processing, reaction time, attention, crystalized intelligence, executive functioning, and memory (Chang, Labban, Gapin, & Etnier, 2012) . Meta-analyses of the human acute exercise literature report modest positive effects on learning, memory, and cognition, although individual studies report a wide range of effects, from strongly positive to detrimental (Chang et al., 2012; Roig, Nordbrandt, Geertsen, & Nielsen, 2013; Tomporowski, 2003) .
These contradictory results may be due to a wide range of methodological differences and/or weakness of these studies (Chang et al., 2012) . For example, while some studies observed significant improvements in cognition with acute exercise using a randomized control design (Coles & Tomporowski, 2008; Hopkins, Davis, Vantieghem, Whalen & Bucci, 2012; Loprinzi & Kane, 2015; Netz, Tomer, Axelrad, Argov, & Inbar, 2007) , most have used either a within-subjects design or had no control group (i.e., compared scores before vs. after exercise). Additional common problems with previous studies include: being underpowered due to small sample sizes (10 to 20 subjects); using low-intensity workouts or intense workouts of very short duration (3, 6, or 10 min); examining a limited range of cognitive abilities (mainly tasks requiring prefrontal cortex functioning); and testing cognitive performance too soon after exercise, perhaps before physiological measures returned to baseline.
Here, we implemented a randomized controlled design with 85 subjects assigned to either an acute exercise or a video watching control group, with cognitive testing between 30 min and 2 hr after exercise. Video watching was chosen as a control due to its non-physical but engaging nature, and because it has been used in previous acute exercise studies (Coles & Tomporowski, 2008; Ellemberg & St-LouisDeschenes, 2010; Emery, Honn, Frid, Lebowitz, & Diaz, 2001) . For the acute exercise group, we chose a vigorous level of exercise with subjects attempting to achieve 85% of their maximum heart rate (MHR) during a 50-min exercise session (with additional 5-min warm up and cool down periods). This intensity was chosen based on previous metaanalyses showing that moderate-to vigorous-intensity acute exercise protocols are the most beneficial for cognitive improvement (Chang et al., 2012) . Participants completed neuropsychological tests designed to tap a wide range of frontal-and medial temporal lobe-dependent functions before and after the hour-long bout of either aerobic exercise or video watching.
We hypothesized that acute aerobic exercise would improve prefrontal cortex-dependent cognitive functioning in healthy adults, with effects lasting up to 2 hr. We chose this 2-hr period as studies in rodents indicate that acute exercise increases both neurotransmitter and neurotrophin content in the 2 hr after exercise cessation (Meeusen, Piacentini, & De Meileir, 2001; Rasmussen et al., 2009 ), and we hypothesized that these physiological changes may contribute to exercise-induced enhancements in cognition. Additionally, we hypothesized that hippocampal-dependent cognition may show either no change or a less robust change from pre-to post-intervention sessions than prefrontal cortex-dependent cognition because the former may require brain changes that result from chronic exercise, as can be seen in the case of cognitive improvements in rodents due to running-induced neurogenesis, which requires several consecutive days of running (Kronenberg et al., 2006) .
METHODS Participants
Ninety-two subjects were recruited from the New York University community and surrounding area. Subjects were recruited through flyers placed around campus. Eighty-five subjects (51 female; 34 male), aged 18-35 (mean = 22.21; ±0.45 SEM), completed the study. Subjects were excluded if they: had undergone major surgery within the prior 6 months, had a past or present history of drug or alcohol abuse, had a diagnosed psychiatric or neurological condition, were taking medication known to affect cognition, or were unable to safely participate in an aerobic exercise program. All subjects gave their informed consent before the study. Informed consent, all study documents, and all data included in this manuscript were approved by and in compliance with the New York University Committee on Activities Involving Human Subjects.
Procedure
Subjects were randomly assigned to a video watching group (n = 42) or an aerobic exercise group (n = 43) and randomly assigned to conduct post-intervention cognitive testing 30 (Exercise n = 11; Control n = 10), 60 (Exercise n = 11; Control n = 10), 90 (Exercise n = 10; Control n = 10), or 120 min (Exercise n = 11; Control n = 12) after video watching or exercise (Figure 1 ). Subjects were asked to refrain from consuming food 2 hr before testing and any caffeinated products 4 hr before testing. All testing sessions occurred between 9:00 a.m. and 7:00 p.m., and depending on the delay period, the entire testing session took from 3 to 5 hr.
Video watching subjects (control group)
For our control group, we wanted an experience that was stimulating and engaging without involving physical activity or producing a significant increase in heart rate. Therefore, control subjects engaged in a 60-min video watching session of an episode of the television series 24. Previous studies using video watching as a control intervention used educational documentaries, children's television shows, and Eligible and randomized (n=92) Unable to complete study (n=7) Acute Exercise videos describing the beneficial effects of exercise (Coles & Tomporowski, 2008; Ellemberg & St-Louis-Deschenes, 2010; Emery et al., 2001) . We chose 24 because of the exciting and suspenseful nature of this show. Subjects were informed to pay attention to the show, and research assistants made periodic visual checks to ensure that subjects were actively watching.
Exercise subjects
Exercise subjects engaged in a 50-min vigorous-intensity physical activity session on a stationary bicycle with a 5-min warm up and 5-min cool down period for a total of 60 min of exercise. Heart rate was measured using a chest and wristbased monitor (Polar FT7). MHR was calculated for each subject (220-age). Subjects were instructed that their target heart rate was 85% of MHR, and that they should try to maintain this heart rate throughout as much of the exercise session as possible. Subjects were asked to step onto a stationary bicycle (LifeFitness, model LSTV-0201-01) and begin pedaling. The first 5 min consisted of a warm-up, followed by 50 min of vigorous-intensity aerobic exercise, and finally a 5-min cool-down. Heart rate was recorded starting at time zero and then once every 5 min, and the time at which subjects reached their target heart rate was also recorded. To confirm that subjects returned to their resting heart rate (RHR) by the time of their post-intervention cognitive testing, 30 min was chosen as the shortest delay period and heart rate was monitored every 15 min during this post-intervention time period. RHR was taken as the lowest heart rate established during the entire testing period, either before or after exercise. For all exercise subjects, weight and height were recorded and body mass index (BMI) was calculated [mass (kg)/height (m) 2 ].
Delay period
During the delay period subjects were free to do anything except sleep, eat, or exercise. Delay period activities included reading, completing homework assignments, making phone calls, or using the Internet. Subjects who were assigned to a delay period of 1 hr or longer were provided with a granola bar.
Neuropsychological Tests
All neuropsychological tasks were conducted both before and after aerobic exercise or video watching interventions.
Paper and pencil versions were administered for all tests except the Modified Benton Visual Retention Task (MBVRT), which was administered on a computer. Persons administering the neuropsychological tasks were extensively trained and gave all tasks in accordance with standardized procedures. Considering the minimal amount of time between pre-and post-intervention testing, alternate versions of the tasks were used when available [i.e., for the Hopkins Verbal Learning Test-Revised (HVLT-R) and the Controlled Oral Word Association Test]. The order of administration was fixed to ensure that enough time elapsed between the immediate and delayed versions of both the HVLT-R and the MBVRT. To ensure that subjects were engaged in each task, they were visually monitored during all testing procedures. For this study, we were interested in examining the effects of acute exercise on both prefrontal cortex-and hippocampaldependent cognition. We, therefore, targeted a wide range of standardized, well-validated prefrontal cortex-dependent tasks and select medial temporal lobe-dependent tasks. For all tasks, raw scores were converted to t scores, Z scores, or scaled scores based on age and/or education. Tests were presented in the following order. All raw data are presented in Supplementary Table 1.
Hopkins Verbal Learning Test Revised (HVLT-R)
This verbal learning and memory task taps the functioning of the prefrontal cortex and hippocampus (delayed and recognition component only) (Brandt & Benedict, 2001) . Subjects were read a list of 12 words and asked to immediately recall as many words as possible on three distinct, consecutive trials (total recall score) and again 20 min later (delayed recall score). The retention score was calculated by dividing the delayed recall score by the greatest number of words remembered in learning trials two or three. In the recognition component, the experimenter read 24 words (half targets and half lures), and subjects were ask to identify which words had been presented previously. The recognition discrimination index was calculated by subtracting the total number of false positives from the total number of true positives. Raw scores were transformed to t scores based on age and the version of the task used (Brandt & Benedict, 2001) , using the normative values with the closest age midpoint to the subject's age.
Modified Benton Visual Retention Test (MBVRT)
This is an object recognition memory paradigm that tests the functioning of the dentate gyrus of the hippocampus (Brickman, Stern, & Small, 2011) . Subjects were shown a complex geometric image for 10 s and then asked to select the image they just saw from an array of four images (10 trials). The Benton recognition score was the total number of correctly identified images. During a matching trial, subjects were shown a complex geometric image for 10 s and then asked to select the image they just saw from an array of two images (41 trials) (matching score). During a delayed recognition trial, subjects were shown a complex geometric image and asked whether or not this was one of the images they had seen earlier (82 trials) (delayed score). No normative values existed for this test and so to calculate t scores, all raw scores were compared to the average of the pre-intervention values for the recognition score, matching score, and delayed score respectively.
Stroop Color and Word Test
This is a prefrontal cortex-dependent task of attention and response inhibition (Golden, 1975) . For the word Effects of acute aerobic exercise on cognitive functions 793 component, subjects were instructed to read the words "RED", "GREEN", and "BLUE" all in black as fast as they could until the experimenter said to stop (word score). For the color component, subjects were instructed to name the colors of "XXXX's" printed in red, green or blue as fast as they could (color score). For the color-word component, subjects were instructed to name the color of the words "RED", "GREEN", and "BLUE" as fast as they could (color-word score). The word and the color never matched (all incongruent). The interference score was calculated by subtracting the predicted color-word score (word score × color score/ word score + color score) from the actual color-word score. Raw scores were converted to t scores based on age and years of education (Golden, 1978) .
Symbol Digit Modalities Test (SDMT)
This is a prefrontal cortex-dependent task of visuomotor processing (Smith, 1991) . Subjects were given a key of symbol-number pairs. They were then asked to fill in as many symbols with their corresponding numbers as possible in 90 s.
The SDMT score was the number of correct substitutions. Raw scores were transformed to Z scores based on age and level of education (Centofani, 1975) .
Digit Span Test (DST)
This is a prefrontal cortex-dependent task of attention and working memory (Wechsler, 1981) . Subjects were instructed to listen to and then immediately recall a list of random numbers, which increased by one every two trials (digits forward). The test ended when subjects could not remember the complete list of numbers in both trials. For the digits backward component, the instructions were similar except that subjects were instructed to recall the numbers in reverse order. The DST score was the total number of trials completed in both the digits forward and digits backward components. Raw scores were converted to scaled scores based on age (Wechsler, 2008) .
Trail Making Test (TMT)
This test measures prefrontal cortex-dependent attention and cognitive flexibility (Tombaugh, 2004) . Subjects were instructed to connect in order as fast as they could 25 randomly placed, encircled numbers on a page (TMT A). For TMT part B, subjects were instructed to connect in alternate alphanumeric order 25 randomly placed, encircled numbers and letters. TMT A and B scores were the total number of seconds it took to complete part A and B respectively. Raw scores were transformed to Z scores based on age (Yeudall, Redden, Gill, & Stefanyk, 1987; Tombaugh, 2004) .
Controlled Oral Word Association Test (COWAT)
This is a prefrontal cortex-dependent task of verbal fluency (Benton & Hamsher, 1989) . Subjects were given 1 min to name as many words as they could that began with a different letter of the alphabet. The COWAT score was the total number of words that were generated during three trials. Raw scores were converted to Z scores based on age and years of education (Ruff, Light, Parker, & Levin, 1996; Tombaugh, Kozak, & Rees, 1999 ).
Wechsler Test of Adult Reading (WTAR)
This reading test was performed only at pre-intervention to ensure that both groups of subjects had equivalent levels of intelligence. Subjects were asked to read aloud each of 50 words with atypical grapheme to phoneme translations. The WTAR score was the total number of words that were pronounced correctly.
Creation of a Composite Score
Our strategy to examine the effect of acute exercise on prefrontal cortex-and hippocampal-dependent function was to create a composite score for each of these measures.
Composite measures are commonly produced based on both the aims of the study as well as the theory behind what particular variables measure (Pennington, Moon, Edgin, Stedron, & Nadel, 2003) . Therefore, we decided to create two composite scores by averaging together Z scores of tasks that tap a core neuropsychological function associated with either the prefrontal cortex or hippocampus (Cutter et al., 1999; Pennington et al., 2003) . For the prefrontal cortex, this included working memory, processing speed, verbal fluency and cognitive inhibition. For the hippocampus, this included long-term memory and pattern separation.
Step 1: Z scores
Because each task had an inherently different scoring system, it was necessary to transform all scores into a common metric. We thus standardized all scores into Z scores whereby we compared each individual score to an average score. Negative and positive Z scores reflect scores that fall below or above the average in standard deviations, respectively. To derive Z scores for each neuropsychological test, unique normative values from large studies were used to represent the population averages and standard deviations. For the MBVRT, no normative values were available and so the mean and standard deviation of all data from the pre-intervention testing sessions were used to calculate Z scores. For certain tests, only t scores or scaled scores were available. If this was the case, a psychometric conversion table was used to convert these scores to Z scores. For the TMT, a higher score represented a decrease in function. Therefore, Z scores were multiplied by − 1 so that in all cases higher Z scores corresponded to better functional outcomes.
Step 2: Construction of the composite score
To obtain an understanding of brain-region specific functioning, Z scores from each component of the neuropsychological tasks were averaged together. For prefrontal 794 J.C. Basso et al.
cortex functioning, Z scores were averaged together for all components of the Stroop Task (Word, Color, Color-Word, and Interference Score), the SDMT score, HVLT-R Total Recall Score, DST Score, and all components of the TMT (TMT A and B Score). For hippocampal functioning, Z scores were averaged together for the HVLT-R Delayed Recall, Retention, and Recognition Discrimination Index, as well as all components of the MBVRT (Benton Recognition, Matching, and Delayed Score). Average rather than summed Z scores were used because each composite score was comprised of different numbers of neuropsychological tasks. We acknowledge that brain function was not directly measured and that these composite scores may reflect coordinated activity from a series of interconnected brain regions beyond just the prefrontal cortex and hippocampus. With this in mind, we refer to these composite scores as measures of prefrontal cortex and hippocampal functioning, with higher overall scores reflecting better average functioning of either of these structures.
Statistical Analysis
To ensure that all groups were of equal age, education level and intelligence (WTAR score), a two-way analysis of variance (ANOVA) was conducted, with intervention type (television watching vs. exercise) and delay period (30-, 60-, 90-, or 120-min) as the two between-subjects factors. Additionally, a two-way ANOVA was conducted to determine whether composite measures of prefrontal cortex and hippocampal function were similar across all groups at the pre-intervention time point. A three-way mixed ANOVA, with prefrontal cortex function as the dependent variable, time as the within-subjects factor (pre-vs. post-intervention), and intervention type and delay period as the between-subjects factors, was used to determine whether the intervention, delay period or their interaction affected prefrontal cortex or hippocampal functioning. All pairwise comparisons were performed for statistically significant main effects. An alpha level of 0.05 was used to determine statistical significance; however, Bonferroni corrections were made for comparisons within each simple main effect considered a family of comparisons. Adjusted p-values are reported. Additionally, no outliers were present in the data, all data were normally distributed, all data inherently met sphericity, as only two time points were evaluated, and there was homogeneity of variances for both pre-and postintervention prefrontal cortex and hippocampal function.
RESULTS
Before conducting our primary statistical analyses, using a two-way ANOVA, we confirmed that age (F(3,77) = 0.613; p = .608; partial η 2 = 0.023), education (F(3,77) = 0.254; p = .858; partial η 2 = 0.010), and intelligence level (F(3,77) = 0.444; p = .723; partial η 2 = 0.017) were equivalent across all groups (Table 1) .
Exercise Intensity
No differences between groups were found for BMI (F(3,35) = 0.552; p = .650; partial η 2 = 0.045) or RHR (F(3,36) = 1.126; p = .351; partial η 2 = 0.086) (Table 2) . Additionally, all groups had similar average heart rates during the warm up (F(3,36) = 0.261; p = .853; partial η 2 = 0.021), 50-min workout (F(3,36) = 1.052; p = .381; partial η 2 = 0.081), and cool down (F(3,34) = 0.646; p = .591; partial η 2 = 0.054) ( Table 2) . Exercise subjects took an average of 10.66 (±1.29 SEM) min to reach 85% of their MHR; however, three subjects never reached their target heart rate and instead worked out at 76%, 72%, and 67% of their MHR. On average, subjects worked out at 81.55% (±0.77 SEM) of their MHR, with a range of 67-89% ensuring that subjects were exercising with a vigorousintensity workload. No differences between groups were found for either time to target heart rate (F(3,33) = 1.163; p = .338; partial η 2 = 0.096) or intensity of the 50-min workout (F(3,36) = 0.609; p = .614; partial η 2 = 0.048). By the start of the cognitive testing period, all exercise subjects returned to their pre-exercise RHR. Due to technical difficulties, heart rate data on two subjects were not collected. Collectively, these data show that all delay groups were of similar health, as assessed by BMI and RHR, and performed at similar levels throughout their workouts.
Acute Exercise Improves Prefrontal Cortex Functioning
For the composite measure of prefrontal cortex functioning, all groups scored equally at the pre-intervention time point (F(3,77) = 0.472; p = .703; partial η 2 = 0.018) ( Table 3 ). In analyzing change over time, there was not a statistically significant three-way interaction between time, delay period, and intervention type, F(3,77) = 1.481, p = .226, partial η 2 = 0.055. However, there was a statistically significant two-way interaction between time and intervention type, F(1,77) = 10.890, p = .001, partial η 2 = 0.124. All other two-way interactions were not statistically significant (p > .05).
Statistical significance of a simple main effect was accepted at a Bonferroni-adjusted alpha level of 0.025. There was a statistically significant main effect of time on the exercise group, F(1,77) = 6.613, p = .012, partial η 2 = 0.079, but not on the control group, F(1,77) = 0.958, p = .331, partial η 2 = 0.012 (Figure 2 ). Mean prefrontal cortex function was higher in exercise subjects than video watching subjects, with a mean difference of 0.291 detected, 95% CI [0.066, 0.516], p = .012.
No Significant Effect of Acute Exercise on Hippocampal Functioning
For the composite measures of hippocampal functioning, we first confirmed that all groups scored equally at the pre-intervention time point (F(3,77) = 1.025; p = .386; partial η 2 = 0.038) ( Table 3) .
Effects of acute aerobic exercise on cognitive functions 795 Note. Physiological data for all exercise subjects, separated by delay period. No significant differences were found between groups, separated by delay and intervention type, for mean (±SEM) body mass index (kg/m 2 ), resting heart rate (bpm), heart rate during warm up (bpm), work out (bpm), cool down (bpm), time to target heart rate (minutes), and intensity of the 50-min workout (% of MHR). The p values and partial η 2 presented represent delay by intervention type interactions. kg = kilograms; m = meters; BPM = beats per minute; MHR = Maximum heart rate.
In analyzing change over time, there was not a statistically significant three-way interaction between time, delay period, and intervention type, F(3,77) = 0.186, p = .906, partial η 2 = 0.007. Additionally, there was no two-way interaction between time and intervention type, F(1,77) = 3.082, p = .083, partial η 2 = 0.038 (Figure 3) . No other two-way interactions were significant (p > .05). However, the main effect of time showed a statistically significant difference in hippocampal functioning, F(1,77) = 11.197, p = .001, η 2 = 0.127, with the post-intervention scores being significantly lower than pre-intervention scores. When each group was analyzed independently, the video watching group (F(1,41) = 12.716; p = .001; partial η 2 = 0.237) but not the exercise group (F(1,42) = 1.313; p = .258; partial η 2 = 0.030) showed a detriment in hippocampal functioning over time. Acute exercise significantly improved a composite measure of prefrontal cortex functioning, which included cognitive areas of working memory, processing speed, verbal fluency and cognitive inhibition. The * corresponds to a significant time by intervention type interaction, F(1,77) = 10.890, p = 0.001, partial η 2 = 0.124. 3 . Mean (±SEM) average Z scores for the composite measure of hippocampal functioning for the acute exercise and video watching control groups before and after the 60-min intervention. Acute exercise did not significantly improve a composite measure of hippocampal functioning, F(1,77) = 3.082, p = .083, partial η 2 = 0.038, which included cognitive areas of long-term memory and pattern separation. N.S. = non-significant (p > .05). Table 3 . Pre-and post-intervention scores for prefrontal cortex-and hippocampal-dependent cognition Effects of acute aerobic exercise on cognitive functions 797
DISCUSSION
The present study used a large battery of neuropsychological tasks to determine whether acute aerobic exercise is capable of improving cognition dependent on the prefrontal cortex or hippocampus. We found that an acute bout of 50 min of vigorous-intensity aerobic exercise in healthy adults improves prefrontal cortex-but not hippocampal-dependent cognition. We further found that the acute exercise-induced cognitive enhancements lasted longer than previously known, between 30 min and 2 hr after exercise cessation.
Acute Exercise Improves Prefrontal Cortex Functioning
The findings from this study indicate that acute aerobic exercise improves executive functioning, a grouping of higher-order cognitive processes that depend on the prefrontal cortex, with a medium to large effect size (7.9% of the variability in the composite score being explained by the exercise intervention). Executive functions are unique in that they peak rather late in development (i.e., early adulthood) and begin to deteriorate early in the process of healthy aging (Diamond, 2013) . Once reaching their peak, executive functions were thought to remain fixed throughout adulthood; however, recent evidence indicates that these cognitive processes may in fact be malleable (Hsu, Novick, & Jaeggi, 2014) . The prefrontal cortex is a brain region that appears particularly sensitive to experience-dependent plasticity throughout life, and this work indicates that aerobic exercise is an intervention that can acutely enhance prefrontal cortex function in early adulthood. Furthermore, this work shows that acute exercise can have beneficial effects even in healthy adults at their theoretical peak of executive functioning. An extant literature has investigated the effects of acute exercise on cognition and several reviews have been published regarding this work (Etnier et al., 1997; Lambourne & Tomporowski, 2010; McMorris, 2000; Brisswalter, Collardeau, & Rene, 2002; Tomporowski & Ellis, 1986) . The discrepant findings in this literature result from the various methodologies utilized in regards to the type of exercise used, the cognitive process measured, and the timing of the post-exercise testing. Some studies used exhaustive, dehydrating exercise, often anaerobic in nature, which produced no or detrimental effects on cognition (Lambourne & Tomporowski, 2010; Tomporowski, 2003) . Our work is most comparable to other studies examining steady-state aerobic exercise on cognition. This research indicates that acute bouts of aerobic exercise improve a variety of cognitive processes including attention, concentration, working memory, reasoning, and planning (Loprinzi & Kane, 2015; Nanda, Baalde, & Manjunatha, 2013) , although not all prefrontal cortex-dependent tasks are improved by acute aerobic exercise (Nanda et al., 2013; Alves et al., 2014; Wang et al., 2015) . Our work adds to this literature by showing that acute aerobic exercise enhances the overall functioning of the prefrontal cortex.
Although executive functions are examined using particular cognitive tasks administered in a laboratory setting, they have been shown to predict a wide range of practical life outcomes such as reading comprehension and mathematics, planning, and problem solving, language processing, selfregulatory behavior, and scholastic achievement (Alloway & Alloway, 2010; de Jonge & de Jong, 1996; Duncan et al., 2007; Gathercole, Alloway, Willis, & Adams, 2006; Hofmann, Schmeichel, & Baddeley, 2012; Novick, Trueswell, & Thompson-Schill, 2005; Passolunghi & Siegel, 2001; Shah & Miyake, 1999) . Therefore, the findings from our work suggest that acute exercise may also beneficially impact real-world functioning, and research in children indicates that this may be true, as children who participate in bouts of acute exercise through physical education classes perform better in tests of mathematical ability (Gabbard & Barton, 1979; Hillman, Kamijo, & Scudder, 2011; Howie, Schatz, & Pate, 2015; McNaughten & Gabbard, 1993) . However, further research is needed to examine whether similar acute exercise interventions affect real world behaviors in healthy adults.
Acute Exercise Does Not Improve Hippocampal Functioning
Our results suggest that acute exercise does not improve hippocampal-dependent cognition. By contrast, a large literature in animals and humans shows that long-term exercise over days to weeks can improve performance on a variety of hippocampal-dependent tasks such as spatial memory, contextual fear conditioning, passive avoidance learning, novel object recognition, and pattern separation (Chen et al., 2008; Creer, Romberg, Saksida, van Praag, & Bussey, 2010; Dery et al., 2013; Falls, Fox, MacAulay, 2010; Fordyce & Farrar, 1991; Mello, Benetti, Cammarota, & Izquierdo, 2009; O'Callaghan, Ohle, & Kelly, 2007; van Praag, 2008) . A recent meta-analysis focused on human studies found that acute exercise has moderate to large effects on long-term memory whereas chronic exercise has insignificant effects (Roig et al., 2013) , suggesting that different aspects of hippocampal-dependent cognition may be differentially affected by acute and chronic exercise. To our knowledge, few if any studies have examined the effects of acute exercise on cognition in rodents, although acute exercise has been shown to increase both neurotransmitter and neurotrophin content in the hippocampus (Meeusen et al., 2001; Rasmussen et al., 2009 ). Future research is needed to examine whether different types of hippocampal-dependent cognition are affected by acute exercise in both rodents and humans.
Additionally, our results indicate that acute video watching may impair hippocampal functioning. Previous research has shown that television watching can cause detriments in executive functioning. For example, children that viewed fast-paced television as compared to educational television or drawing showed decreased performance in executive function tasks (Lillard & Peterson, 2011) . This work reveals that television watching may also impair long-term memory in young, healthy adults. While numerous previous acute 798 J.C. Basso et al.
exercise studies have used this type of video watching control group (Coles & Tomporowski, 2008; Ellemberg & St-Louis-Deschenes, 2010; Emery et al., 2001) , these findings suggest that video watching may not be the optimal control group for studies investigating the effects of acute exercise on cognition.
Beneficial Effects of Acute Exercise Last for up to 2 Hr
To explore how long the exercise-induced cognitive benefits endured, we analyzed the effects of acute exercise on cognition between 30 min and 2 hr post-exercise. Neither prefrontal cortex-nor hippocampal-dependent cognition displayed a significant three-way interaction between time, intervention type and delay period. This suggests that for either category of cognition, timing of post-exercise testing did not affect the observed cognitive improvement. However, for the prefrontal cortex-dependent tasks, we found a significant two-way interaction between time and intervention type. This suggests that the beneficial effects of acute exercise on prefrontal cortex functioning may persist for up to 2 hr post-exercise cessation. This is one of the first studies to examine how long the cognitive effects of acute exercise persist after exercise. This finding is in line with research showing that acute exercise in both humans and animals produces a transient increase in a variety of neurotransmitters, neuromodulators, and neurotrophins including dopamine, norepinephrine, endogenous opioids, endocannabinoids, brain-derived neurotrophic factor, and insulin-like growth factor 1 (Vivar, Potter, & van Praag, 2013) , with these increases lasting for at least 2 hr after exercise (Chaouloff, 1989; Meeusen et al., 2001; Rasmussen et al., 2009) . The fact that these neurochemicals are related to cognition supports the hypothesis that transient increases in their concentrations underlie the observed exercise-induced cognitive enhancements. As a final point regarding the interaction between exercise and the prefrontal cortex, recent evidence indicates that the medial prefrontal cortex is involved in regulating the motivated behavior of wheel running in rodents (Basso & Morrell, 2015) . Here, we see an example where acute exercise also alters the cognitive functioning of the prefrontal cortex. Thus, exercise appears both to regulate and be regulated by the prefrontal cortex, lending direct experimental support to the concept of a bi-directional relationship between exercise and the brain (Hall & Fong, 2015; Loprinzi, Herod, Cardinal, & Noakes, 2013) .
